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Abstract Al2O3–ZrO2 coatings were deposited using a

vacuum arc deposition system equipped with two co-planar

cathodes. The plasma was injected into a cylindrical

magnetic duct through annular anode apertures toward a

substrate or an electrostatic ion current probe positioned on

the duct axis, in vacuum and in a low-pressure oxygen or

argon ? oxygen background. Ion current and arc voltage

measurements and visual observation of the cathode spots

were used to find stable arcing conditions, using a straight

plasma duct configuration. The cathode spot operation and

transport of the plasma beam in the duct were studied as a

function of arc current (Iarc = 25–200 A) and oxygen or

oxygen ? argon pressures (P = 0.1–1.5 Pa). Coatings

were fabricated by exposing Si or WC–Co substrates

simultaneously to Al and Zr plasmas using a 1/8 torus filter

configuration in O2 ? Ar pressures. The coating compo-

sition, structure, microhardness, adhesion, and wear

behavior were studied as functions of the deposition

parameters. Favorable conditions for stable arcing were

obtained with Iarc = 75 and 100 A for Al and Zr plasmas,

respectively. The ion current decreased, and the arc voltage

increased with the oxygen pressure. Behavior of the ion

current and arc voltage suggested that cathode poisoning

started at P = 0.5 Pa. Deposition rates were 0.3-0.6 lm/

min, depending on the substrate position. All coatings were

‘‘Zr rich’’, i.e., the Zr:Al ratio was in the range of 1.2–5.6

depending on the substrate position and deposition condi-

tions. The coatings with higher ZrO2 concentration were

harder and had better resistance to wear. The coating’s

hardness reached a maximum of *22–24 GPa at a depo-

sition temperature of 500 �C or a negative bias voltage of

75–100 V.

Introduction

Oxides, e.g., Al2O3, are promising as wear-resistant coating

materials for protecting cutting tool edges during high

temperature operation, due to their superior high temper-

ature stability [1]. However, being ionic compounds, they

are generally more brittle than carbides and nitrides of

transitional metals and also less adherent to tool substrates

[2].

Al2O3 and ZrO2 coatings, as well as Al2O3–ZrO2 coat-

ings with different Al2O3:ZrO2 ratios were studied previ-

ously. Al2O3 is used in cutting tool applications as a bulk

material for cutting inserts, and in wear-resistant coatings

for cutting tools—as an intermediate or top layer in mul-

tilayer coatings [1, 3]. Al2O3–ZrO2 coatings were depos-

ited by various techniques, such as electrochemical

deposition [4] and plasma spray [5–7] which were used for

thick coatings as well as physical vapor deposition (PVD)

[8–11], mainly used for thin coating deposition. Addition

of ZrO2 to Al2O3 improved mechanical properties in

structural bulk ceramics [12], and thick Al2O3–ZrO2

coatings deposited by plasma spray [6, 7] and electron

beam evaporation [8]. ZrO2 is presently used mainly for
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optical and thermal barrier coatings [13]. Addition of

Al2O3 to ZrO2 stabilized ZrO2 in its tetragonal phase

(t-ZrO2) [9]. Moreover, ZrO2 and Al2O3 have almost no

mutual solubility [14], and thus may be deposited as a two-

phase nano-structure with greater hardness (H) than pre-

dicted by the mixture rule [15].

Most articles discussing PVD of Al2O3–ZrO2 coatings

focused on using Al2O3 to stabilize the t-ZrO2 phase [9, 16,

17]. For example, by controlling the Al2O3/ZrO2 ratio in

nano-laminate coatings, t-ZrO2 was deposited using reac-

tive d.c. magnetron sputtering at a low substrate tempera-

ture of Ts = 150 �C [9]. Klostermann et al. [10] deposited

Al–Zr–O coatings with various compositions at Ts = 500–

700 �C, using pulsed magnetron sputtering of Al and Zr

metal targets in argon ? oxygen background gas. Their

coatings consisted of a mixture of a crystalline and amor-

phous (a) phases: c-Al2O3 with a-ZrO2, when the ZrO2

content was below 8 at%., or a mixture of t-ZrO2 with

a-Al2O3, when the Al2O3 content was below 7.5 at%.

Amorphous or nano-crystalline minority phase in grain

boundaries was conjectured by Klostermann et al. because

they did not appear in the x-ray diffraction (XRD) spectra

[10]. Coatings with all other compositions were XRD

amorphous. The c-Al2O3 coatings had H = 30 GPa, while

the amorphous coatings had H = 10–13 GPa. Klostermann

et al. [10] suggested that segregation to a nc-Al2O3/a-ZrO2

structure (nc—nano-crystalline) is energy activated and

could be accomplished with high-energy ion flux. Trinh

et al. [11, 18, 19] deposited Al2O3–ZrO2 coatings using

various modes of magnetron sputtering at a temperature

range of Ts = 300–810 �C. Deposition of Al2O3–ZrO2 with

low ZrO2 content resulted in amorphous coatings. However,

with higher ZrO2 content, the structure changed to a nano-

structure of a-Al2O3/c-ZrO2 [18] (c—cubic phase) or

a-Al2O3/t-ZrO2 [19], depending on the deposition method.

Both Al2O3 [20, 21] and ZrO2 [22] were deposited by

vacuum arc deposition (VAD). Brill et al. [20] and Rosen

et al. [21] reduced the crystallization temperature of Al2O3

by negatively biasing the substrate, and used the bias

voltage, Vb, to control the energy of ions impinging onto

the substrate. By these means, the formation temperature of

a-Al2O3 was reduced from 800 to 600 �C by increasing Vb

to -300 V [20], and c-Al2O3 was deposited under Vb =

-300 V and deposition temperature Ts as low as 200 �C

[21]. Recently, Kim et al. [23] deposited nano-multilayerd

structures of alternating Zr–O/Al–O layers using Zr and Al

cathodes in a VAD system. The Zr layers contained t-ZrO

nano-crystallites. Crystallites with a-Al2O3 structure were

observed only when the substrate was negatively biased in

the 100–150 V range. However, there are no published

reports of multicomponent Al2O3–ZrO2 coatings fabricated

by simultaneously depositing of Al and Zr plasmas in

oxygen background using VAD.

This article reports on the deposition of Al2O3–ZrO2

coatings using a VAD system in which two cathodes were

mounted on one plane [24–26]. This system was used

previously for depositing multicomponent and multilayer

nitride coatings [26, 27], but not for oxides. The results are

divided into two parts. The first part reports on arc

behavior, i.e., ion current, arc voltage, and cathode spot

motion. This information was necessary to develop the

Al2O3–ZrO2 deposition processes. The second part reports

on deposition and characterization of the Al2O3–ZrO2

coatings. The coating structure, hardness, adhesion, and

tribological behavior are presented and discussed.

Experimental setup and procedure

A triple-cathode VAD system was used with two variant

magnetic filter configurations: (1) a straight plasma duct,

described previously [24, 25] and (2) a 1/8 torus magnetic

duct for macroparticle filtering. The plasma gun (Fig. 1a)

was equipped with two cathodes, Al and Zr, which were

mounted in two of three holes which were equally spaced

along the circumference of a 100-mm diameter circle

centered on the system axis [26, 27]. In this study, both

cathodes had a frustum cone shape with front and back

base diameters of 49 and 54 mm, respectively, and a height

of 15 mm. The straight duct (Fig. 1b) mainly was used

for the arc behavior part of this study. Arc current, Iarc =

25–200 A d.c. was applied between the cathodes and the

grounded anode. Each cathode had its own welding power

supply and trigger mechanism. The cathode-spot-produced

plasma jet entered the deposition chamber via 54-mm

diameter holes in the anode, coaxial with each cathode. An

axial d.c. magnetic field, B = 12 mT, was produced by

three magnetic coils connected in the same direction, and

positioned co-axially with the system axis. The axial

magnetic field was intended to confine the cathode spot

motion on the front cathode face [27, 28] as well as to

guide the plasma flow from the cathode spots via the anode

aperture to the ion current probe. The front surfaces of the

cathodes were situated midway between coils 1 and 2.

For most of the coating deposition study, a 1/8 torus

magnetic macroparticle filter was inserted between the

plasma gun and the vacuum chamber (Fig. 1c). A d.c.

magnetic field of B = 12 mT was applied (by five coils) to

the straight and curved parts of the duct. An ion probe or

substrate holder was positioned at an axial distance of

150 mm from the end flange to which the plasma gun or

the 1/8 torus filter was connected, i.e., approximately

midway between coils 2 and 3 in Fig. 1b, and between

coils 4 and 5 in Fig. 1c.

In both configurations, before arc ignition, the vacuum

chamber was pumped down to an initial residual pressure
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lower than 0.01 Pa. The arcs were operated in vacuum

(background pressure less than 0.01 Pa) and in an oxygen

or oxygen ? argon background pressure of P = 0.1–

1.3 Pa. After each experiment with oxygen, the cathode

was cleaned of oxides by igniting an arc in vacuum [29].

The arc parameters (arc current and voltage, ion current,

etc.) were continuously recorded [29, 30].

The total ion saturation current at the probe, Ip, was

measured with a 130-mm diameter flat disk probe centered

on the duct axis and oriented normal to the plasma flux.

A negative d.c. bias voltage, Vb = -50 V was applied to

the probe with respect to the grounded anode to ensure Ip

saturation, while minimizing the probability of igniting

cathode spots on the probe [28].

Al2O3–ZrO2 coatings were deposited on silicon wafer and

WC–Co cutting insert substrates. The cutting insert surfaces

were polished to a mirror-like finish, and the substrates were

cleaned with alcohol before deposition. Prior to deposition,

the substrate was heated to the desired substrate temperature,

Ts, with a 1-kW halogen lamp placed within the substrate

holder [31]. Ts was measured using a thermocouple situated

beneath the coated sample and regulated using a feedback

control system [31]. During deposition, Ts sometimes

increased due to the surface bombardment by energetic ion

flux; however, this increase was not more than 20�. The

coatings were deposited while simultaneously operating the

Al and Zr cathodes with Iarc = 75 and 100 A, respectively,

in an Ar ? O2 mixture with total pressure PAr=O2
= 1.06 Pa

(PAr = 0.26 Pa, PO2
= 0.80 Pa). In this research study, Ts,

was varied between 50 and 500 �C and Vb between -50 and

-200 V. The deposition time was 360 s. After deposition,

the coating thickness, t, was measured using an Alpha-step

profilometer. The coating’s electrical resistivity, q, was

measured by applying a silver paste on a controlled area of

the coatings surface. q was then measured by ohmmeter

between the silver paste and the Si substrate. The substrate

q was neglected.

The coating’s cross-sectional morphology was studied

using scanning electron microscopy (SEM). The coating’s

composition was analyzed using SEM combined with

energy dispersive x-ray spectroscopy (EDX). X-ray photo-

electron spectroscopy (XPS) using a 5600 Multi-Technique

System (PHI, USA) was applied to study the elemental

distribution and oxidation status of elements in the coatings.

The sample surfaces were analyzed, and then the interior

after 6-min sputtering with a 4 kV Ar? gun (5 9 5 raster

and 23.5 A/min sputter rate on SiO2/Si reference samples).

The crystalline structure was studied using XRD with CuKa

radiation (wavelength k = 0.1541 nm) using a Scintag h:h
powder diffractometer, equipped with a liquid nitrogen

cooled Ge solid-state detector. The scanning range was

between 2h = 20 and 70�.

The coating’s hardness was measured using a microh-

ardness tester equipped with a Knoop indenter at a load of

0.1 N. Every microhardness (HK) value was the average of

five measurements. The coating adhesion was assessed by a

scratch test (CSM-REVETEST) using a diamond indenter

whose radius of curvature was 0.2 mm. Each scratch was

5 mm long at constant load, after which the scratch track

was examined by optical microscopy. The scratch load was

increased until the first appearance of coatings failure

(defined as substrate exposure), determining a critical load,

Lc. The tribological behavior was studied using a tribom-

eter (CSM) against a 300 WC ball in ambient air. The linear

sliding speed was 0.1 m/s. Two sets of tests were con-

ducted: (1) with a load of 1 N and a sliding distance of

300 m, and (2) a load of 5 N and a sliding distance of

100 m. After the wear test, the cross section of the wear

track was measured using a profilometer and was used to

calculate the wear coefficient, W = V/Ls where V is the
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Fig. 1 Deposition systems. a Photograph of the plasma gun equipped

with two cone-shaped cathodes, b schematic diagram of the vacuum

arc deposition system with a straight duct, and c 1/8 torus macro-

particle filter
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removed volume, L is the load, and s is the sliding distance

[32].

Results

Arc behavior and ion current measurements

Influence of the arc current on cathode spot motion and ion

current

The saturated ion current, Ip, was measured as a function of

Iarc using the straight duct configuration (Fig. 1b). For Zr

arcs, increasing Iarc from 50 to 100 A increased Ip from 1.4

to 2.5 A. However, with further increases of Iarc, Ip

decreased sharply, to 0.3 A at Iarc = 175 A. Visual obser-

vation of the cathode spot motion showed that initially

increasing Iarc increased the number of cathode spots on the

cathode front face. However, when Iarc C 100 A, the

number of spots on the face decreased as they concentrated

on the peripheral conical surface. At Iarc C 150 A, no spots

were observed on the cathode front face. The same quali-

tative behavior was found for the Al cathode. The highest

Ip = 1.9 A, and the most intense spot activity on Al cathode

front surface were observed at Iarc = 75 A.

Influence of oxygen pressure on the arc behavior

Figure 2 shows the influence of P on Ip collected from Zr

and Al cathodes, in the straight duct configuration. The

open symbols represent an oxygen environment (PO2
) and

the solid symbols, a mixed Ar ? O2 environment (PAr=O2
).

In vacuum, Al and Zr had an Ip of 1.9 and 2.5 A, respec-

tively. Introduction of O2 sharply decreased (Ip)Al to 0.9 A

at PO2
= 0.2 Pa, and then it was maintained almost con-

stant up to PO2
= 0.5 Pa. Further increase in PO2

rapidly

decreased (Ip)Al to 0.1 A at PO2
= 1 Pa. For Zr, a similar

trend was found, although (Ip)Zr decreased constantly, with

a lower decrease rate in the pressure range 0.2 \ PO2
\

0.5 Pa. The experiments in oxygen environment were

characterized by unstable arc operation and a tendency for

the arc to spontaneously extinguish.

Addition of Ar to the environment increased Ip consid-

erably, e.g., (Ip)Zr = 3.15 A in pure Ar at PAr = 0.26 Pa

compared to (Ip)Zr = 2.5 A at P = 0.01 Pa (vacuum). The

addition of PAr = 0.26 Pa improved the process stability,

especially for the Al cathode, as the number and amplitude

of the arc voltage fluctuations decreased. It resulted in an

increase of (Ip)Al at all PAr=O2
and an increase of (Ip)Zr at

PAr=O2
\ 0.8 Pa.

Investigation of the Ip and arc voltage (Varc) depen-

dence on time for various PO2
showed different behavior

for PO2
\ 0.5 Pa and PO2

[ 0.5 Pa. For PO2
\ 0.5 Pa,

Ip decreased with time, while Varc was constant. For

PO2
[ 0.5 Pa, Ip decreased with time, while Varc increased.

This behavior was similar for both Al and Zr cathodes

(although more pronounced for Al) and indicated that

oxidation of the cathodes started at PO2
= 0.5 Pa.

Deposition and characterization of Al2O3–ZrO2

coatings

Based on the results described above, the deposition con-

ditions were set to (Iarc)
Al = 75 A, (Iarc)

Zr = 100 A, and

PAr=O2
= 1.06 Pa (PAr = 0.26 Pa, PO2

= 0.80 Pa). Depo-

sition of Al2O3–ZrO2 coatings using the straight duct

(Fig. 1b), resulted in a deposition rate of 0.5–1.0 lm/min;

however, with a large number of macroparticles, a few

were as big as 50 lm (Fig. 3a). In order to screen out the

macroparticles, the 1/8 torus magnetic filter was added

between the arc plasma gun and the straight duct (Fig. 1c).
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Fig. 2 Ion current as a function of total pressure with (Iarc)
Al =
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Fig. 3 Optical micrographs of the coating surfaces deposited using a

straight duct system (a) and the 1/8 torus magnetic filter (b). Both

coatings were deposited at Vb = -50 V and without substrate

heating. The substrates were located 150 mm from the anode, and

the deposition time was 360 s
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The filter reduced the macro-particle number considerably

(Fig. 3b), while reducing the deposition rate by only 50%.

In both configurations (with and without the 1/8 torus

filtered), two regions were identified on the substrate

holder: (1) the projection of Zr ion beam which was called

the Zr region, and (2) the projection of the Al ion beam

which was called the Al region. Si samples were positioned

at the centers of the two regions. Table 1 presents the

thicknesses and compositions of the coatings from these

two regions deposited using the filtered configuration

(Fig. 1c). The concentration presented as ZrO2 and Al2O3

content was calculated from the atomic concentration

determined by EDX and XPS. It should be noted that

calculation of Zr:Al:O atomic ratio obtained from EDX

studies indicated that the coatings consist of a mixture of

approximately stoichiometric ZrO2 and Al2O3, i.e., no

excess or deficiency of O was found. The coatings of both

regions were zirconia rich. The Zr region coating thickness

was 3–4 lm (deposition rate of *0.6 lm/min) and the Al

region coating thickness was 1.5–2.0 lm (deposition rate

of *0.3 lm/min). The coatings in both regions were

electrically insulating and transparent—multiple interfer-

ence fringes were visible where the coating thickness was

not uniform. q of a typical coating (deposited at Ts =

250 �C, Vb = -50 V) was found to be q = 4 9 107 X m.

Figure 4 presents high-resolution XPS spectra of the

Zr3d (a, c) and Al2p (b, d) regions, before (a, b) and after

(c, d) 6 min of sputtering by Ar?, for coatings from the Zr

and Al regions deposited at Ts = 250 �C and Vb = -50 V.

The results were compared to reference samples of bulk

ZrO2 and Al2O3 [33]. The spectra before sputtering

(Fig. 4a, b) included peaks of fully oxidized Zr and Al, i.e.,

a ZrO2, doublet (Fig. 4a) and Al2O3 lines (Fig. 4b) were

similar to the XPS spectra of reference bulk ZrO2 and

Al2O3 [33]. Free metal peaks were not observed. However,

after sputtering, the XPS spectra were different from those

at the surface; specifically some free metal was observed.

The Zr3d spectrum (Fig. 4c), together with a doublet peak

related to ZrO2, had a shoulder on the lower binding energy

side of the Zr–O oxide, and lower intensity peak at a

binding energy of *178 eV. This indicates the presence of

free Zr [33, 34]. Similarly, in the Al2p spectrum (Fig. 4d)

along with the oxidized Al peak, a peak at 71.5 eV

appeared. This may be attributed to free Al [33, 34].

However, the presence or the absence of free metal atoms

within the coatings cannot be concluded from the appear-

ance of free metal peaks in the XPS spectra after sputter-

ing, as these peaks might be attributed to preferential

sputtering of oxygen, which was described previously for

ZrO2 [34] and recently presumed for Al2O3 coatings [33].

XPS analysis of other coatings deposited with higher Vb

(up to -200 V) did not reveal any chemical composition

dependence on Vb.

The concentrations of ZrO2 and Al2O3 were determined

from the XPS spectra before sputtering. Taking into

account that along with the above oxides, fully oxidized

carbon is also present on the surface, the oxygen bound

with carbon was excluded from calculation, assuming full

C oxidation and CO2 formation on the surface. Similar to

EDX, XPS indicated that in both the Zr and the Al regions,

the concentration of Zr was larger than that of Al. Calcu-

lations based on the XPS data showed that the Zr region

coatings contained 70–88% ZrO2 while the Al region

coatings contained 50–75% ZrO2 (Table 1).

Figure 5 shows the XRD spectrum of Zr region coatings

at different Ts (Fig. 5a) and Vb (Fig. 5b). In general, the

XRD spectra of ZrO2 and Al2O3 are difficult to interpret,

due to their large number of crystalline phases. Moreover,

the sharp peaks at 2h = 29.5�, 33.0�, 61.7�, and 65.8�, that

could be related to m-ZrO2 (m-monoclinic) or c-Al2O3,

originated from the Si substrate. Thus, the spectra in

Fig. 5a (Vb = -50 V) indicate that the coatings were XRD

amorphous, and the increase of Ts to 500 �C did not form

crystalline oxides. However, with the increase in Vb

(Ts = 250 �C), a wide peak appeared at 2h = 48�, which

is, most likely, due to the formation of the m-ZrO2 crys-

talline phase (Fig. 5b). Coatings deposited in the Al region

had XRD patterns similar to the ones in Fig. 5a for all Ts

and Vb tested, and most likely, had an XRD-amorphous

structure.

Figure 6 shows the Knoop hardness (HK) of Al2O3–

ZrO2 coatings deposited on Si substrates as a function of Ts

(Fig. 6a) and Vb (Fig. 6b). At Ts = 50 �C, HK in both the

Al and Zr regions of the coatings was close to HK of the Si

substrate. The HK of the Zr region coatings increased with

Ts and reached HK = 22 GPa at Ts = 500 �C. The hard-

ness of the Al region coatings increased only slightly with

Ts. With increasing Vb, the hardness of the Zr region

coatings increased to a maximum of HK = 22–24 GPa at

Vb = -75 to -100 V, and then strongly decreased to

16 GPa at Vb = -150 V. The Al region coatings showed

the same trend as the Zr region coatings; however, with

only a small maximum, HK = 14 GPa at Vb = -100 V,

compared to HK = 12 GPa at Vb = -50 V.

Table 2 presents the critical load Lc and wear behavior

of coatings deposited on WC–Co substrates. The coating’s

thickness was similar to those measured on Si wafers,

Table 1 Composition of ZrO2 and Al2O3 calculated from EDX and

XPS, and thickness of the coatings from Zr and Al region after

deposition

ZrO2 content

(% mol.)

Al2O3 content

(%mol.)

Thickness

(lm)

Zr region 70–88 12–30 3–4

Al region 50–75 25–50 1.5–2
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i.e., t = 3–4 lm at the Zr region and t = 1.5–2.0 lm at the

Al region. Zr region, coatings deposited with Ts = 250 �C

and Vb = -50 V had low Lc = 15 N and endured sliding

300 m under a load of 1 N, but failed at 5 N after a few

meters. Increasing Ts to 500 �C improved the coating

properties considerably. Zr region coatings did not show

adhesive failure at 100 N, which was the highest load

tested, and endured 300 m at a load of 1 N and 100 m with

(a)

(b)

(c)

(d)

Fig. 4 XPS spectra before

sputtering (a, b) and after 6-min

sputtering by Ar ? ions (c, d),

Zr3d (a, c) and Al2p (b, d) local

spectra. Coating deposited at

Ts = 250 �C and Vb = -50 V
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5 N, being the longest distances tested. Increasing Vb to

-100 V had only a minor effect on the coating properties.

Lc of the Zr region coatings increased to 30 N, and the

coating started to show wear failure at a sliding distance of

300 m (load of 1 N).

Al region coatings showed similar results (Table 2). Al

region coatings deposited with Ts = 250 �C and Vb =

-50 V had low Lc = 5 N and failed after a wear distance

of 30 m (under load of 1 N). The increase of Ts to 500 �C

improved Lc to more than 100 N, and the sliding distance

increased to 100 m (load of 1 N). Increasing Vb to -100 V

did not change Lc (compared to coatings deposited with

Ts = 250 �C and Vb = -50 V), while the sliding distance

increased to 70 m (load of 1 N).
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bias voltage (Ts = 250 �C)

Table 2 The hardness,

adhesion critical load, and wear

behavior of Al2O3–ZrO2 coating

deposited on WC–Co substrates

Only coatings which endured a

full-length (300 m) wear test at

1 N were tested under 5 N

Substrate

temperature,

Ts (�C)

Substrate bias

voltage,

Vb (-V)

Scratch

adhesion,

Lc (N)

Distance to failure

(m) [normal load (N)]

Wear coefficient

(mm3/N m)

Zr region 250 50 15 [300 (1) 1.9 9 10-6

\5 (5)

500 50 [100 [300 (1) 2.8 9 10-7

[100 (5)

250 100 30 *300 (1) 5.7 9 10-7

Al region 250 50 5 30 (1) –

500 50 [100 100 (1) 9.6 9 10-6

250 100 5 70 (1) –
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The wear rate W of the coatings was calculated based on

the full-length (300 m, 1 N) wear tests. Table 2 shows W

of the coatings which endured the full-length test. For Zr

region coatings deposited with Vb = -50 V and

Ts = 250 �C, W was 1.9 9 10-6 mm3/N m. W decreased

by a factor of 2 when the bias was increased to Vb =

-100 V, and by one order of magnitude when the tem-

perature was increased to Ts = 500 �C.

Discussion

In general, the cathode spot motion on the frustum cone

cathode and the dependence of Ip at Iarc were similar to

those described previously [29, 35] even though the pre-

vious cathodes were centered on the duct axis, and thus

were in an axial-symmetric magnetic field, whereas the

cathodes were located off-axis. As noted in the previous

studies [29, 35], the number of cathode spots increased

with Iarc, and they tended to move on the peripheral area

of the cathode, and Ip tended to decrease with Iarc at

constant B.

Oxygen affected the arc in two ways: decreasing Ip and

increasing Varc. These phenomena can be explained by two

mechanisms: (1) cathode and anode ‘‘poisoning’’ (i.e.,

formation of an insulating oxide layer) [29], which pre-

vented spot motion, resulting in unstable arc operation,

increased Varc and its fluctuation, and decreased cathode

spot produced plasma flux and thus, decreased Ip [36], and

(2) ion scattering from the gas molecules which lowered Ip

[37]. At PO2
\ 0.5 Pa, Ip decreased with PO2

while Varc

was constant, suggesting that only ion scattering was sig-

nificant. An oxide layer on the cathode and anode probably

formed only at P C 0.5 Pa, where Varc increased and Ip

decreased. Addition of argon stabilized the arc as was

described previously [38]. In this study, introducing

PAr = 0.26 Pa of Ar to the oxygen environment increased

(Ip)Al by 2–3 times compared to (Ip)Al in O2, and increased

(Ip)Zr by 50% compared to (Ip)Zr in PO2
\ 0.5 Pa. These

results might be due to inhibiting of the cathode surface

poisoning associated with Ar addition, and thus more stable

arc operation and higher cathode erosion rate.

Deposition using the straight plasma-duct-produced

coatings heavily contaminated with macroparticles. Most

of the macroparticles originated from the Al cathode. Bolt

et al. [39] also reported almost 100% macro-particle cov-

erage when depositing Al2O3 coatings with a direct line of

sight between the cathode and the substrate. Using a 1/4

torus filter, they reduced the macroparticles coverage to 1%

[39]. In this study, most of the macroparticles (Fig. 3) were

screened using a 1/8 torus filter, while maintaining a

deposition rate of 0.3–0.6 lm/min. This deposition rate in

this study was about 2–5 higher than reported previously

during filtered VAD of Al2O3 [21, 39] or ZrO2 [22].

Among the many parameters influencing VAD, Vb is

one of the most important ones controlling the coating

structure and properties. This was also shown paradoxi-

cally for dielectric substrate [40, 41] and in Figs. 5b and 6b

of present article. In order to estimate the potential on

coating surface taking into account the bias and the resis-

tance of the coating, q = 4 9 107 X m of a typical coating

(Ts = 250 �C, Vb = -50 V) will be used. The typical ion

current during deposition was 1.5 A (Fig. 2 PAr=O2
curves),

and it fell on an area of *4 9 10-3 m2. Thus, the ion

current flux, JP, reaching the coatings surface was

JP = 375 A/m2. Neglecting any voltage drop in the sub-

strate and using equation V = Jpqt (where t is coating

thickness), the voltage drop across a t = 3 lm thick coat-

ing is 45 9 103 V, which makes the influence of Vb

questionable. The coating thickness across which the

voltage drop is equal to Vb is between *3 nm (for Vb =

-50 V) to *13 nm (for Vb = -200 V). This implies that

d.c. biasing should only be effective for a short period of

time at the beginning of the deposition process, i.e., before

the film reaches a thickness of 3–13 nm. One possibility is

that the influence of bias on the coating structure at this

early stage influences the subsequent film growth. This

initial layer provides the nucleation sites of the coating and

thus may strongly influence the subsequent coating struc-

ture [42]. A further possibility is that the bias voltage

exceeds the dielectric strength of the thin film, and thus the

film is conductive for the bias voltages applied. Another

possibility is that the environment on the coating surface

during deposition is far from that during post-deposition

resistivity measurements at room temperature. The coat-

ing’s surface is excited during deposition by particle and

photon bombardment, as well as by elevated substrate

temperature, which might strongly reduce the coating

resistivity. Even if the bulk coating resistivity during

deposition is close to the values measured after deposition,

possibly surface conduction could provide a conductive

path to the peripheral area of the substrate where little or no

coating is deposited, and hence where the surface potential

is Vb.

Two regions, each a projection of an ion beam emitted

from a cathode, were identified on the substrate holder.

Although the plasma beam may be steered in the present

VAD system [26] (and uniform composition can be

achieved by sweeping the ion beams in an X–Y pattern), in

this study, we chose to study the coating composition by

placing substrates at the centers of both regions. Both the

Al and Zr regions coatings were ZrO2 rich (Table 2).

The shape of Zr3d and Al2p peaks in XPS spectra before

sputtering and the fact that the coatings have high resis-

tance indicated that the coatings consist of only a mixture
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of the fully oxidized Zr and Al, i.e., ZrO2 and Al2O3. In

contrast, in recently studied nano-multilayered coatings

[33], a large amount of free Zr and Al metals was found. It

is apparent in this study that the oxygen pressure was

sufficient for oxide formation, and the filtering using the

1/8 torus magnetic filter was effective enough to remove

macroparticles from the plasma flux and thus from the

coatings. The XPS results before sputtering (Fig. 4a, b),

which are in agreement with the EDX studies of coating

concentration, indicate on approximately stoichiometric

coatings. However, the exact quantification of stoichiom-

etry is not possible due to carbon contamination on the

surface as well as the preferential sputtering of oxygen in

XPS analysis.

The XRD indicated that oxide crystallites formed when

sufficiently high bias was applied during deposition

(Fig. 5). The crystallization is possibly associated with the

increased energy delivered by the impinging ions to the

coating surface. Increased adatom energy, whether due to

ion bombardment or higher substrate temperature, is

thought to be the key in obtaining crystalline oxides [10,

20, 21]. It should be noted that in this study, coatings in the

Zr region had an Al2O3 content which was never less than

12 mol%., i.e., larger than the maximum crystallization

concentration found by Klostermann et al. [10]. Thus, it is

likely that decreasing the Al2O3 concentration and

increasing Ts could facilitate ZrO2 crystallization in the

coatings produced in our system.

Both increasing Ts and Vb increased HK in the Zr

region coatings (Fig. 6). This increase might originate

from structural re-organization during deposition.

Although the XRD did not indicate crystallization with

increasing Ts, the increase in HK (Fig. 6a) might be the

result of the formation of crystallites sufficiently small so

that they are not detected by XRD (i.e., XRD-amorphous

films are produced) [43]. The Al region coatings showed

only minor HK increase, possibly due to their lower

thickness, but probably due to the higher Al2O3 concen-

tration. Previous studies [10, 16] found crystallization of

ZrO2 in coating with low Al2O3 concentration, lower than

that found in the Zr region in this study, while coat-

ings with higher Al2O3 concentration were amorphous.

Klostermann et al. [10] low Al2O3 concentration coatings

were harder.

The initial Lc and W results of coatings on WC sub-

strates (Table 2) emphasize the importance of Ts and Vb

during deposition on the coating tribological properties.

The stronger influence of Ts on Lc and W compared to Vb

might be attributed to higher intrinsic stress with high Vb.

Although one cannot compare between Lc and W of the Zr

and Al regions coatings due to their different thickness, the

coatings composition has also a strong influence on the

crystallization and hardness of the coatings [10].

The results show the important influence of Ts, Vb, and

Al2O3 concentration on the coating properties and the

potential of the Al2O3-ZrO2 coating family. Given this

influence, further investigations with higher Ts, lower

Al2O3, and further combinations of Ts and Vb are

recommended.

Conclusions

1. Favorable condition for deposition of Al2O3 and ZrO2

coatings were arc currents of 75 and 100 A, respec-

tively and in an Ar ? O2 mixture with total pressure

PAr=O2
= 1.06 Pa (PAr = 0.26 Pa, PO2

= 0.80 Pa).

2. The 1/8 torus magnetic filter can remove most of the

macroparticles while maintaining relatively high depo-

sition rate of 0.3–0.6 lm/min.

3. Zr region coatings deposited with appropriate values of

Ts and Vb included crystallite oxides.

4. Ts (and to some extent Vb) strongly influenced the

coating adhesion and wear resistance.
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11. Trinh DH, Högberg H, Andersson JM, Collin M, Reineck I,

Helmersson U, Hultman L (2006) J Vac Sci Technol A24:309

12. Matthews L, Rawlings RD (1994) Composite materials: engi-

neering and science. Chapman and Hall, Oxford, p 137

13. Tay BK, Zhao ZW, Chua DHC (2006) Mater Sci Eng R52:1

14. Jerebtsov DA, Mikhailov GG, Sverdina SV (2000) Ceram Int

26:821

J Mater Sci (2010) 45:6379–6388 6387

123

http://dx.doi.org/10.1023/A:1018505517104
http://dx.doi.org/10.1023/A:1004492919174
http://dx.doi.org/10.1023/A:1004492919174


15. Raveh A, Zukerman I, Shneck R, Avni R, Fried I (2007) Surf

Coat Technol 201:6136

16. Qadri SB, Gilmore CM, Quinn C, Skelton EF, Gosset CR (1989)

Phys Rev B39:6234

17. Aita CR, Scanlan CM, Gajdardziska-Josifovska M (1994) JOM

46:40

18. Trinh DH, Ottosson M, Collin M, Reineck I, Hultman L, Hogberg

H (2008) Thin Solid Films 516:4977

19. Trinh DH, Kubart T, Nyberg T, Ottosson M, Hultman L, Hogberg

H (2008) Thin Solid Films 516:8352

20. Brill R, Koch F, Mazurelle J, Levchuk D, Balden M, Yamada-

Takamura Y, Maier H, Bolt H (2003) Surf Coat Technol

174–175:606

21. Rosen J, Mraz S, Kreissig U, Music D, Schneider JM (2005)

Plasma Chem Plasma Proc 25:303

22. Yu GO, Tay BK, Zhao ZW (2005) Appl Phys A81:405

23. Kim SK, Le VV, Boxman RL, Zhitomirsky VN, Lee JY (2010)

Surf Coat Technol 204:1697

24. Ben-Ami R, Zhitomirsky VN, Boxman RL, Goldsmith S (1999)

Plasma Sour Sci Technol 8:355

25. Zhitomirsky VN, Grimberg I, Boxman RL, Weiss BZ, Travitzky

NA, Goldsmith S (1997) Surf Coat Technol 94–95:207

26. Zhitomirsky VN, Grimberg I, Rapoport L, Travitzky NA, Boxman

RL, Goldsmith S, Weiss BZ (1999) Surf CoatTechnol 120–121:219

27. Zhitomirsky VN (2007) Surf Coat Technol 201:6122

28. Boxman RL, Zhitomirsky VN (2006) Rev Sci Instrum 77:021101

29. Zhitomirsky VN, Raveh A, Boxman RL, Goldsmith S (2009)

IEEE Trans Plasma Sci 37:1517

30. Zhitomirsky VN, Boxman RL, Goldsmith S (2004) Surf Coat

Technol 188–189:220

31. Zhitomirsky VN, Grimberg I, Rapoport L, Boxman RL,

Travitzky NA, Goldsmith S, Weiss BZ (2000) Surf Coat Technol

133–134:114

32. Holmberg K, Mattews A (1994) In: Dowson D (ed) Coatings

tribology, tribology series 28, 1st edn. Elsevier, Oxford, p 53

33. Zhitomirsky VN, Kim SK, Burstein L, Boxman RL (2010) Appl

Surf Sci (in press)

34. Hofmann S, Sanz JM (1982) J Trace Microprobe Tech 1:213

35. Zhitomirsky VN, Zarchin O, Wang SG, Boxman RL, Goldsmith

S (2001) IEEE Trans Plasma Sci 29:776

36. Zhitomirsky VN, Boxman RL, Goldsmith S (1995) J Vac Sci

Technol A13:2233

37. Zhitomirsky VN, Kinrot U, Alterkop B, Boxman RL, Goldsmith

S (1996) Surf Coat Technol 86–87:263

38. Rosen J, Persson POA, Ionescu M, Pigott J, McKenzie DR, Bilek

MMM (2007) Plasma Chem Plasma Proc 27:599

39. Bolt H, Koch F, Rodet JL, Karpov D, Menzel S (1999) Surf Coat

Technol 116–119:956

40. Niu EW, Li L, Lv GH, Chen H, Li XZ, Feng WR, Fan SH, Yang

SZ, Yang XZ (2007) Mater Sci Eng A460:135

41. Niu EW, Li L, Lv GH, Chen H, Li XZ, Fan SH, Yang SZ, Yang

XZ (2008) Appl Surf Sci 254:3909

42. Mattox MD (2000) Surf Coat Technol 133–134:517

43. Shtansky DV, Kaneko K, Ikuhara Y, Levashov EA (2001) Surf

Coat Technol 148:206

6388 J Mater Sci (2010) 45:6379–6388

123


	Vacuum arc deposition of Al2O3--ZrO2 coatings: arc behavior and coating characteristics
	Abstract
	Introduction
	Experimental setup and procedure
	Results
	Arc behavior and ion current measurements
	Influence of the arc current on cathode spot motion and ion current
	Influence of oxygen pressure on the arc behavior

	Deposition and characterization of Al2O3--ZrO2 coatings

	Discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


